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- FLUID DYNAMICS

UDC 533.6.011,72+535.33

POPULATION INVERSION BEHIND A DETUNATION WAVE PROPAGATING IN A MEDIUM WITH VARIABLE
DENSITY

P Moscow 1ZVESTIYA AKADFMII NAUK SSSR: MEKHANIKA ZHIDKOSTI I GAZA in Russian No 1,
Jan-Teb 80 pp 65-T1

[Article by M. I. Podduyev, Moscow]

[Text] The use of detonation to produce an active medium has been studied in many
papers. It has been suggested that use be made of dispersal of the products of
detonation of an acetylene-air mixture into a vacuum [Ref. 1], and also cooling of
- the products of detonation of a mixture of hydrocarbons with air through a nozzle
[Ref. 2, 3]. 1In Ref. 4, detonation of a solid explosive was used to set up popu-
; lation inversion in a CO0,-N,-He(H,0) gas mixture. Lasing on HF molecules has been
experimentally observed behind an overdriven detonation wave front propagating in
a mixture of Fp0-Hp-Ar in a shock tube [Ref. 5]. An investigation has been made of
z the problem of population inversion behind a detonation wave in mixtures of Hp-Fp-He
[Ref. 6-8] and Hy-Cly-He [Ref. 9] upon release of energy on a plane and on a
straight line in a medium with constant density.

Similar problems have also been solved tor shock waves propagating both in a homo-
geneous gas atmosphere [Ref. 7, 10] and in the supersonic part of a flared nozzlel.

In this article a theoretical investigation is made of the problem of getting popu-
lation inversion behind an overdriven detonation wave propagating through a mixture
(fine particlés of carbon + acetylene + air) discharged from a hypersonic nozzle.

The propagation of a detonation in media with variable density and initial velocity
has been considered, for example in Ref. 11, 12. Analysis of gas parameters behind
a detonation wave propagating in a medium with constant density (for a given fuel
mixture) has shovm that the temperature differential behind the detonation front

is insufficient for population inversion of vibrational levels of the CO, molecule.

1. Model of hypersonic discharge of a fuel mixture through a nozzle. We will take
the acetylene + air mixture to be a perfect gas with constant specific heats (c&,
ey = c§+~R', where R' is the gas constant of the given mixture), and assume that the
carbon particles are very small (characteristic diameter of the order of 1 um) .
Then the equation of state can be written as [Ref. 11]

plo=(y—1)E, plp=RT, R=R'[(1+a)

(1.1
cy=(cv'Fas)/(1+a), cp=cy+R, qy=culcy ( )

lyy. V. Tunik, "Influence of the flow characteristics of a relaxing gas on the
- parameters of a gasdynamic laser', author's abstract of candidate's dissertation,
Institute of Mechanics, Moscow State Unliversity, 1976.
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Here o is the specific heat of the carbon particles, which is taken as constant;

a is the mass fraction of particles in a uwnit of volume as compared to the mass of
the gas in that volume; E, p, p, T are the internal energy, pressure, density and
temperature of the mixture.

Let us consider adiabatic steady-state discharge of the fuel mixture through the
nozzle in the linear approximation. In this case the parameters of the medium in
the nozzle are described by the Bernoulli integral and its corollaries that accourt
for the equations of state (1.1):

v=vmu(1+2) =
P=poz" 1" (14z) ~11-0 (1.2)

p=pazl/(1-—|) (1+z) —1/(1—1)
T=Toz(1+z)*
(1.3)

RO SR VT
(y=tym=' ™ (y—1) po
Hlere pg, pPp, Tg are the stagnation parameters; v and M are velocity and Mach number.

Let the mixture escape from a large reservoir (in which p=py, p=pg, T=Tp, v=0)
into the ambient space with constant pressure through a Laval nozzle. Let us give
the area of the flared part of the nozzle as S= c\,r\"l, and the area of the minimum
cross section of the nozzle as Spip=0yry~" (v>1, with v=2 corresponding to
cylindrical symmetry, and v=3 corresponding to spherical symmetry). Let us assume
that discharge is supersonic. Then the law of mass conservation can be written as

pUS=p.v.Smiu==G=const (1.4)

Here p,, Vv, are the critical flow parameters in the minimum cross section of the
nozzle.

From (1.2)-(1.4) for the supersonic part of the nozzle we get

' V ,1_1 2 1/(1~1) T V-1
- - 2(1-1) — : — —_
PRl l)(1+z) (1+1/2(1=4) — 1+1 (’{+1) ( - ) (1.5)
A —— . ‘1—1 2 va-t o,
P=;_;—_;H z, A= m(m) I (1.6)

Since v>1, y>1 and M21 or 2<2/(y-1)=const, (1.5) implies that for any r, there
is an r, such that for any r>r, we can assume 2<<l, and if r, approaches zero,
then r, will also approach zevro (the stagnation parameters are not important here).
Let us also assume that ry and r, are small, and throughout the region of super-
sonic flow we will take the approximation z<<1, r20. Then for this region from
(1.2) and (1.6) we get the laws of behavior of velocity and density

U=vmu, p=A/rv—l (1'7)

1t should be nobed thal the smallness of z and formulas (1.3) do not imply smallness
of p, p, 'I' in the flow sinee pg, pg, Tg may be large quantities.
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2. Calculation of gas parameters behind a detonaticn wave propagating in a medium
with variable density and constant velocity. The percentage of acetylene is de-
termined both by the detonative capacity of the mixture and the percentage of water
vapor in the detonation products. Detonation of coal dust in air has been experi-
mentally studied [Ref. 1L, 15]; however, in this paper we are considering a mixture
with acetylene added to improve the detonative capacity. The effect of a methane
additive on detonation of coal dust was studied in Ref. 16.

Let us consider perturbation of the motion of a fuel mixture escaping through a
hypersonic nozzie as a result of simultaneous cessation of the delivery of fuel
mixture to the nozzle and arisal of detonation at point r = 0 at time t=0. When
t>0, the detonation wave is propagating downstream. Let us assume that the carbon
and acetylene in the detonation wave are oxidized to CO, and W,0 (N, enters as
ballast), and that the gasdynamic parameters of the detonation products satisfy the
following equations of state [Ref. 17]:

R
L=ELT, E=J[§T+Z‘ g«giﬂie«] =E(T,e))
P n B "

ec=[exp(8/T) 1], B=15+E.+1.58

Here Ry is the universal gas constant, p is the molecular weight of the mixture,

g; is the degree of degeneration of the i-th mode; £;i is the molecular fraction of
the component to wnich the i-th vibrational mode applies; 0;, T4 are the character-
istic and insteutaneous vibrational temperatures of the i-th mode; £ is the mo-
lecular fraction of the component consisting of linear molecules; gy is the same
for nonlinear molecules; E, p, p, T are the internal energy, pressure, density and
temperature of the detonation products.

Let us disregard the change of internal enerpy of the delonation products due to
deviations of the vibrational enerpies from the equilibrium values, i. e. let us
assume that Ty ="' in (2.1) (for all i) and hence L=E(1).

Let us assume further that the gas behind the detonation front does not radiate, is

not viscous, and is not thermally conductive. Then the equations of motion fer
quasi-one-dimensiocnal flows are written as [Ref. 11]

d 4
v, 6v+15p

FTIMr P =
C7p apv pv
LT LTI LA
55 "oy T =0 (2.2)

oE a1 o 071
Lo {E) 2] -
at at\ p v ar +p0r P 0
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Gyutem ol equations (2.1), (2.2) is closed. Let us formulate the boundary con-
ditions.

Taking the detonation wave as strong and "infinitesimally thin", we write the
following relations on this wave [Ref. 11]: ’

ps (vy;—D)=p.(v,—D)
p,(v,"D)z=Pz(V2—D)z+p2 (2.3)

1 1
5 (0i=D)*+Q= = (v=D)*+ %:_fE,

Here Q is the amount of heat released upon combustion of a unit of mass of the _
fuel mixture; D is the propagation rate of the detonation wave (subscript 1 denotes

quantities in front of the wave, and 2 denotes quantities behind the wave). From

(1.7) we get vy =vpay, p1=A/rV"L,

Since the gas does not enter the nozzle when t>0, we must set the followihg
boundary condition:

(0<#'0=4) 0=a (2.4)

From the formuiation of the problem we find that the controlling parameters are:
v, Q, v, A, 8;Rg/u, uj, £i, 81, T, t; of these, Q and A cen be taken as indepen-
dent dimensional constants. In this approximate formulation, the problem is
self-similar [Ref. 11].

In equations (2.1), (2.2) and boundary conditions (2.3), (2.4) we make the substi-
tution of variables

r 4 A\ by
U=TV(;\)1 p=;:R(h)’ p_‘ rv—i( t) l\}()

r
=— <AS
A o’ 0 h.i
The equations are transformed to a system of ordinary differential equations for
the quantities V, R and P analogous to those written in Ref. 11. Solving this
system, we find the functions V(A), R(A) and P(}A), and hence v(r,t), p(r,t) and
plr,t) as well. T(r,t) is determined through the equation of state. For the given
system of differential equations there is an integral of masses [Ref. 11]

M.~ R(1-V) (2.5)

flere m=ArM,(X) is mass. By using (2.5) we can easily follow the change in gas-
dynamic varameters of any pas particle. The system also assumes an integral of
adiabaticity [Ref. 18].

3. Kinetic processes and population inversion behind a detonaticn wave. In section
2 we disregarded the elfect that nonuniformity of vibrational energies has on gas-
dynamic flow paramcters; however, we cannot disregard the reverse influence. IHence
we must study the relaxation pattern against the "background" of the gasdynamic
parameters considered in section 2.
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Change: Lo the numbers of vibrational quanta in a gas particle arc described by
the following, equations:

s ,
??-=pF‘ (T,e) (i,1=1,2,3,4) (3.1)

Here the F; are functions defined in Ref. 17.

The beginning of observation of a gas particle is determined by the time tgy of
entrainment of the particle by the detonation wave at distance rg =Dty from the
beginning of the hypersonic part of the nozzle. Let us assume that at the instant

| of entrainment all the vibrational energies in the particle are at their equilibrium
values.

For a fixed composition of the fuel mixture, Q=const. If v and Ty arc also given,
then D and the functions V(A), R(A), P(A) will be the same for any values of A and
rg. ‘Then from (2.5) and solution of the system of ordinary differential equations
we pet the ratio r/rg= (A}, but A= (r/rg)/(t/tg), and therefore A= f)(t/tg).

Now we rewrite (3.1) as

de, A AP
g pr M
a(t/ty) ’ T';.D (T'/ro)'—‘F‘ (T4), e)

A=fi(t/ts) , r/ro=f (1)

These equations yield a dimensionless law for the e; as functions of t for different
gas particles and for different values of A (at constant v, Ty and gas mekeup). The
expressions ej =e;(t/tg) will be the same if toD2A/r}~} = const. The quantity D is
independent of A and of the choice of purticle, and tg=rg/D; therefore

- 1./r§~2 = const.

Consequently when v=2 (cylindrical symmetry) the relations e; =ej(t/tg) for any
#as particle (at rixed A) are the same, and therefore the relative population in-

- version for diffevent pas particles behaves in the same way as a function of the
variable t/tg. However, there is no such dimensionlesu number for weak-signal
optienl pain since pressure euters nonlinearly into the expression for this param-
eter [Ref. 1T7]. Therefore in the case of a constant ratio of fuel components and

! constant Ty, it is necessary for v=2 to optimize the gain in the gas particle
with respect to the two parameters A and rg.

4. Methods of solution and discussion of results, The system of ordinary differ-
ential equations described in section 2 was solved numerically for the following
purameters:  §C,H, =0.025, €0, =0.205, &N, =0.7T, a=0.06, @=2.9 kJ/g, y=1.37 and
£Cql, =0.077, E,oz=0.l9h, EN,=0.729, a=0, Q= 3.5 kJ/g, y=1.38; for both sets of
parameters Tg =293 K. The quantity v was taken as equal to several values: 1.5,

2, 2.5, 3. Analysis of the field of integral curves showed that for given v, Tgp and’
the two sets of parameters of the fuel mixture (for any A) there are unique solu-
tions for this system of equations, where the detonation wave is overdriven (there
is an analogy with the case vy =0 [Ref. 11]).

Figures 1-5 correspond to the first set of parameters of the fuel mixture. Calcu-

lations for the second set show the same qualitative behavior of the curves, al-
though the absolute values of gain are lower.
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Fig. 5
Pig. 1 shows the temperature distributiorn behind the detonation front for different
v. 1L cuan be seen Lhal as v increascs there is an increasc in the temperature
gradient. immediately behind the detonation wave, and a concomitant drop in the
beginning of the hypersouic part of the nozzle. The temperature on the detonation
Tront, reached levels of Lhe order of 3000 K.

The theorebical investipation of detonation in nozzles also requires an experi-
menlai comparison since there is actually a limit of existence of detonation with
respect to density of the ruel mixture in front of the wave [Ref. 191, which imposes
4 lower limit of the choice of A. Therefore in theory A cannot be taken too low.
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Theoretical research is also being done in this area. For cxample, Ref. 10 sets
limits with respect bto pressure and concentration for direct initiation of deto-
nation in a mixture of gases H5-Cl,.

System of kinetie equations (3.1) was solved by an implicit scheme of the second
order of accuracy by the Newton method [Ref. 20], the optical weak-signal gain K
heing calculated on transition P20 (001-100) of the CO, molecule (A=10.6 um)
[Ref. 1717.

Calculations for v=1.5 show that population inversion takes place in a very narrow
zone near the beginning of the hypersonic part of the nozzle and for small values
af A.

Fig., 2 shows the distributions of gain as a function of distance from the beginning
of the hypersonic part of the nozzle for different times, with v=2, A=1.24.10""
(A has dimensions of g/cmV=2). Lines 1-3 correspond to values of % of 28k, 636 and
1873 us, detonation ratc D being 258,060 cm/s. The reduction in maximum gain with
time and the increase in the inversion zone show up well. The gain reaches usable
levels.

Fig. 3 and 4 show the same dependences for the case v=2.5. Lines 1-4 in Fig. 3

correspond to values of t of T1, 165, 4h3 and 708 ps and A=2-10"3, and on Fig. b4

they correspond to values of £ of 36, 9%, 326 and 667 us and A=2.10"%. Here

D=259,580 cm/s. It can be seen that as A increases there is a drop in maximum

gain; however, the inversion zone with acceptable gain increases, reaching a size
- of several centimeters.

Fig. 5 shows the distributions of gain for v=3, A= 3-10~%. Lines 1-5 correspond
to values of t of 1k, 31, 76, 121 and 169 ps, and D=261,480 em/s. It should be
noted that as v increases the inversion zone is displaced closer toward the deto-
nation wave, and the maximum gain appears earlier.

A caange in composition of the fuel mixture also has a considerable effect on gain.
Calculations for v=3, A =3.10—" and the second fuel mixture show that the absolute
values of gain are approximately half the values shown i1 Fig. 5 for the same times
and distances and D=281,310 cm/s.

In conclusion the author thanks V. P. Korobeynikov for constructive discussion of
the results.
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LASERS AND !MASERS

UDC 621.375.826
CHEMICAL LASERS

MoscothHIMICHESKIYE LAZERY in Russian 1980 (signed to press 5 Sep 80) pp 2,
171-22

[Annotation, chapter T and table of contents from book "Chemical Lasers", by
Valeriy Konstantinovich Ablekov, Yuriy Nikiforovich Denisov and Viktor Vasil'yevich
Proshkin, Atomizdat, 2850 copies, 224 pages]

[Text] The book presents the principles of gas-phase reactions typical of chemical
lasers, gives fundamentals of the quantum mechanical description of molecular sys-
tems, and outlines processes of formation of excited particles in the course of
nonequilibrium chemical reactions. An examination is made of the kinetics of
processes in chemical lasers classified according to their hydrogasdynamic charac-
teristics into devices with a stationary medium, with subsonic and supersonic flow,
and with detonation processes in the medium. Designs and working principles of
present-day chemical lasers are described.

For engineers and scientists working in laser research and development. May be of
use to undergraduate and graduate students majoring in physics and in engineering
physics. :

B CHAPTER 7: CHEMICAL DETONATION LASERS
§7.1. General Information on Detonation Processes

We know that the process of detonation of solid [Ref. 1] and gaseous [Ref. 2, 3]
explosives can be used for optical pumping of lasers. In this process the chemical
energy of the explosive is converted directly to luminous pumping energy, and then
to the energy of stimulated emission. Chemical energy conversion should be still
more efficient in chemical detonation lasers with working principle based on stimu-
lating emission directly from the zone of chemical reaction behind the detonation
front [Ref. 4, 5], or from the region of free dispersal of the detonation products
[Ref. 6], or from the region of discharge of the detonation products through the
nozzle [Ref. 7). In general we will apply the term detonation laser to a chemical
laser in which detonation products serve as the active medium or as a component of
this medium.

Let us give some information of a genersl nature on detonation.

Detonation is an explosive combustion wave for which one of the major well known
properties is propagation at a constant supersonic velocity characteristic of the
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given explosive end given initial parameters. If we take a coordinate system fixed
on the detonation wave front, then in accordance with the one-dimensional theory of
detonation .the flow can be represented as shown in Fig. T7.1l. The gas flows along

B8 G

Reaction
Zone

Poos fosyToo X

%’fosm

D D-uyg

Fig. T7.1. Flow in coordinate system tied to the velocity D of
the detonation front

the x-axis in the positive direction, and the wave parameters remain constant in
planes perpendicular to the x-axis. Equations that describe such flow are given in

Ret'. 8. Jrom these equations in coordinates of p vs. V we get a curve -- the
Hugoniot adiabat -- that describes the solution for any values of the wave velocity
- D (Fig. 7-2):

= p/po) ¥+ 1/(y—1] + (2vQ/c3
VIVe= : (7.1)
[(p/po) (v+ N /(v —D]+1 )

Here V=1/p is specific volume; y=c /cV is the ratio of specific heats; Q is the
heat of combustion of a unit mass of the system; cg is the speed of sound in the
initial mixture.

Y5

Py ——— Al_— "

Fig. 7.2. Hugoniot adiabat
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The condition of uniqueness of the detonation rate is demonstrated in Ref. 9, and
has come to be called the Chapman-Jouguet rule:

(p — po)l (Vo — V) = —(@ploV)s. (1.2)

This rule implies that normal detonation corresponds to the minimum velocity D of
ail posible velocities, which is shown on the curve of p(V) (see Fig. 7.2) by the
Michelson line .AB tangent to the Hugionot curve CMNE at point G, known as the
Jouguet point. It is typical of the process that in the state corresponding to
point G, the detonation rate is equal to the sum of the flow velocity and the rate
of propagation of the disturbance in the blast products, i. e.

D=u+c (7.3)

In addition to the mode of normal detonation corresponding to line AB tangent to
the adiabatic curve of the detonation products, there are two other detonation
modes described by curve CM: overdriven (CG) and underdriven (GM) detonations.
For the former mode u+c>D, and for the latter u+c<D.

According to the classical one-dimensional theory of detonation [Ref. 10, 111,
after the initial mixture has been compressed by the shock wave, its state corre-
sponds to point B (see Fig. T7.2) in the case of normal detonation, and to point Bj
in the mode of overdriven detonation. Thereafter in the course of the chemical
reaction the state of the medium shifts aloug Michelson curve BG or B,C. States
described by points G or C respectively correspond to completion of the chemical
reaction. Thus the pressure should increase at points B or Bj.

The detonation wave theory that assumes the presence of a smooth wave front is
based on solution of one-dimensionel equations of gas dynamics and chemical
kinetics.

There is a departure from this one-dimensional model in what is called spin deto-
nation [Ref. 12]: the phenomenon of helical motion near the wall of a tube on the
part of a single focus of a chemical combustion reaction, this focus being formed
upon splitting of the wave front [Ref. 13]. Spin detonation always occurs at the
limits of propagation of the detonation wave [Ref. iL].

the limits of propagation of the detonation are critical initial conditions with

respect to pressure pg or density o, explosive charge diameter 4, and also with

respect to the concentration of components and the composition of the initial

mixture, such that a change in these parameters either toward a reduction in pres-

sure or diameter, or toward an initial mixture that is richer or leaner in the fuel
- component, makes it impossible for the detonation process to propagate.

According to the classical concept, the detonation wave should have a flat, smooth
front far from the limits of propagation. However, the results of high-resolution
photography and the wake method under these conditions have shown [Ref. 15, 16] an
inhomogeneous high-frequency structure of real detonation waves with periodic in-
homogeneities in the uneven leading edge of the wave.

Gpin detonation close to its 1imit of propagation corresponds to the wake print
of Fig. T.3a [not included in the translation] with a thickened helical wake of

12
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only one combustion focus moving with a trajectory at an angle x to the generatrix
of the detonation channel. With increasing distance from the limits of propagation
there is a stepwise restructuring of the process: instead of a single combustion
focus in the detonation front, there are 2n (n=1, 2, 3...) combustion foei moving
in contrary motion over the front with spacing Ax, undergoing collisions and reflec-
tions. A time photoscan gives the frequency of pulsations of the process:

v = D/Ax. (7.4)
‘It is convenient to characterize such a periodic process by the detonation mode

Q.= v, (R =~ n), (7.5)

where vy is the minimum frequency of pulsations in the near-limit region of exis-
tence of the detonation wave with @w~n-1. The spacing of the pulsations decreases
with an increase in the initial pressure py of the mixture or in its reactivity,

e. g. by changing the chemical composition (Fig. 7.4) [Ref. 15-19]. Here the re-
sults of extrapolation of data of Ref. 20 correspond to Ax=5-10"3 and 210”3 mm,
and ve 7+10% and 11-108 Jiz.

Ax,
o 'ﬂ
://
/'/
1072 %
a /
ab /
/
8éy /
1 Ay /
10" I B )
a
B
o ¥¥ o5
: 1 4 iy ¥ }%d)
v 42
L S e
9 °® 00+
vy o+ *
v, Y g+
vy SO
o
w' i
+
osee | +
++ 1t
2 -
i " 1073 1072 7 1 10" Po, MPa

Fig. T.4. Scale of pulsations Ax as a function of initial pressure pp of explosive

mixtures 2H,/0, (0 [18], + [15, 16] @ [19]); 2C,H;/0, (¥ [17-19]); CaH,/0, (& [18]);
- 2Hy/0, (O--extrapolation of data of Ref. 20)

Pulsations also occur in spherical detonation waves [Ref. 20], which is further

evidence of the general nature of the pulsating mechanism as a property of deto-
nation waves.
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One of the peculiarities of detonation is the phenomenon of discreteness of the
pulsation spacing Ax, frequency v and other parameters that characterize the strue-
ture of the detonalbion wave as functions of initial pressure pgp.

Analysis of sequences of Ax for successive n in Ref. 22 gave an expression for the
discrete spectrum of Ax in the form

adidx=1/n +4 (| + Un)(n=1), n=1, 2, 3, (7.6)

Here g, =tan(x)pin, i. e. the tangent of the smallest angle X reached far from the
detonation limits.

Each of the intersecting lines on the wake prints of Fig. T.3b, ¢ [not included in
the translation] in Ref. 15, 16 is interpreted as a trajectory of a so-called kink.
The kink was examined in Ref. 23 in the form of three intersecting shock disconti-~
nuities: an oblique compression shock, a head-on shock wave normal to the gener-
atrix of the detonation channel, and a shock wave that moves tangentially to the
head-on shock wave. Gasdynamic calculation of such & model, which is the Mach
configuration, leads to the necessity of existence of a fourth discontinuity as
well: a tangential discontinuity emanating from the point of intersection of the
other three, the triple point.

And indeed, a triple point delineates each of the wake lines of the kinks [Ref. 2L].
The space structure of an actual detonation wave for the case with n=2 recorded on
the wake print of Fig. T.3b [not included in the translation] is graphically shown
in Fig. 7.5 [Ref. 24] for three successive times tg, t1, t2. Concavity of the

¥ig. T7.5. Diagram of three-dimensional structure of detonation for Q@mn=2: 1light
lines are the trajectories of triple points; heavy lines are shock discontinuities;
cireles indicate the triple points A; 0, 1, 2 — states of the gas: initial, and
behind oblique and head-on compression shocks respectively

~ wave front is replaced by convexity at collisions of triple points marked with the

crosses. Pulsating behavior of the leading edge of a detonation wave has also been
observed in Tépler schlieren photographs of the process of detonation in a flat
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channel [kef. 25, 17]. However, as shown in Ref. 25, the flow structure behind the
leading edge for detonation at low n is still more complicated, and includes a
transverse detonation wave suggested in Ref. 26 fur spin detonation, experimentally
observed in the structure of this detonation in Ref. 27-29, and studied in Ref.

30-32.

Flat Mach configurations in a detonation wave and their collision with one another
were first analyzed by the method of shock and detonation polar curves in Ref. 2L,
33 and 34. To do this, equations were derived that relate the relative pressure

_ change AP in the i-th shock, AP =(p;-pg)/py =24p/py, to the angle of deflection n
of the flow behind the shock:

for the detonation polar curve

=247 M2 (l—g/AP)
tg"-—YM’—AP l/ AP/(p2 1)1 1 (7.7)

[M is the Mach number, q=@/Eg=a{y-1){pg/pg)? is the effective energy release
as a fraction of the internal energy of the gas, p?=(y-1)/(y+1)];

for the shock polar curve

AP M2 1.
tgn= M2—AP ‘/AP/<p.ﬂ-}-1)+1 (7.8)

Solution showed that for detonation with > 1, collisions of Mach configurations
and the resultant formation of new pulsations in the wave should be important.
However, the actual process of interaction of perturbations in the detonation wave
far from the limits of propagation is even more complicated than that usually con-
sidered in the plane model, and involves the influence of a volumetric effeect on
the structure of the detonation front [Ref. 35]. What is really important is that
the process is three-dimensional, and that the most intense sources of disturbances
that rencw pulsations with Mach configurations in the wave are points of "triple"
or higher multiple collisions of the Mach cunfigurations. As a result, the pulsa-
tion multiplication factor

: K =141+ N/ (n* + N) (7.9)

at a sufficiently large number of initial pulsations N approaches two (n*=3 for
detonation in channels of circular cross section, n¥=5 for spherical detonation).
The feasibility of such multiplication is implied by the reaction-kinetic data of
a detonating medium [Ref. 21}. When the number of pulsations in the wave is small
(<n*) they may multiply by the formation of new triple points when there is an
uneven change in the intensity of the discontinuities making up the Mach configu-
ration [Ref. 36].

The question of Localization of controlling facvors of the combustion zone is an
important one for an understanding of the detonation mechanism. Ref. 3T suggests a
mechanism of chemical reaction under conditions of adiabatic explosion where the
induction zone is a compression shock in which a few collisions between atoms or

15
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molecules lead to chemical conversion of a small part of the explosive, and this
brings sbout conditions for the concluding stages of the reaction. Hence we can
assume that during detonation there is a thin layer (a shock-wave film) in which
combustion foci are imbedded. That such a reaction zone structure is present in
the detonation wave is demonstrated by methods of correlation analysis, experimen~
tal investigation of disturbances of the fine structure of spin detonation and com-
parison of the resultant data with calculated dimensions of the zone of vibrational
relaxations of molecules [Ref. 38, 39]. The controlling factors of the combustion
zone during detonation are localized in the narrow forward layer of the detonaticn
wave with thicknets of the order of the size of the zone of vibrational relaxations
of the mixture; consequently, the scale of detonation pulsations may also reach
values of this same order of magnitude.

§7.2. "Optical" Properties of Detonation Waves, and the Phase Nature of Their
Propagation

In accordance with Fig. 7.5, the detonation wave front can be treated as consisting
of elementary fronts that oscillate about some average position propagating at con-
stant velocity. The interactions between neighboring elementary fronts are sources
of new fronts. If the initial explosive is isotropic, the propagation of such a
wave front should conform to laws of geometric and physical optics.

On this basis, the Fermat analytical principle and the Huygens-Fresnel principle
can be applied to the process of propagation of detonation waves in an inorganic
medium [Ref. 40].

The first of these states that propagation of a wavefront f in an isotropic medium
from point Py(x;,y;) to point Py(x5,y0) corresponds to the extremum value of the
integral

B ds
T=)Jwa’

(7.10)
where T is the time required for passage of the section of wave front from P; to Py
and s is the length of arc of the trajectory of a point of the wave front.

The integral curve is determined from the differential equation of Euler for the
extremum

4 Y VIEEE Dy _
& Dy VIFEE Dy W (7.11)
Phe cowsbants of general solution y (x, €y, Cp) are determined from the conditions
yr=y(x, C1, Cy),

(7.12)
Yo=Y (xll Clv C:) T

Tn many cases the fermat principle reduces to simple algebraic expressions for
conditions of minimum time of propagation of the wave fronts, as shown for example
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Fig. 7.6. Examples of application of the Fermat principle to the detonation pro-
cess (detonation collimators): a--with two continuous explosive media 1 and 2
(D1/D3>1); b--with separate explosive channels

in Fig. 7.6a, b. In thc two-dimensional case, for simultaneous emergence of all
points of the detonation front f; emanating from a single initiation point I at
straight line P;P, (see Fig. T.6a) when a compound charge is used with two media 1
and 2 having different detonation rates D; and Dj, the shape of the boundary be-
tween media 1 and 2 is calculated from the equations:

T =V 3"+ %D +(x*—x)IDy; (7.13)
Toip = %Dy + (x* — Dy (7.14)

When D;/D,> 1, the boundary C between the media is a hyperbola. Such a generator
of a straight wave front (collimator) may be important for chemical detonation
lasers as a device for simultaneous input of gaseous detonation products into the
optical cavity. The detonation wave generator shown in Fig. 7.6b can serve the
same purpose.

Here the line MM, is a channel filled with a detonating medium having detonation
rate Dy, and the lines MjN; (i=1, 2,..., n) are channels with a medium detonating
at rate Dy. The condition of simultaneous arrival of the detonation fronts in all
channels MiNj at the level of straight line MjN, is

IN

1 My MiNi =_-I-Aﬁ- =t

T=—5.+5,  °F 177 =0 T Dy im0 (7.15)
whence

D, = Dy sin ffsin a. (7.16)

1f a=8, then D;=D, and IM; =INy. An example of realization of such a scheme is
linecar detonation generators filled with gaseous explosive and made in the form of
detonation channels of the same length [Ref. 3]. A device based on an analogous
principle focuses the detonation wave by using hollow cylindrical shaping lenses

made in the form of a stack of cylindrical diaphragms that are roughened in the
central part and smooth on the edges.

A number of wave generator designs based on the Fermat principle are shown in Fig.
7.7a-r [Ref. L40]. Shown are: a, b, i, o -- designs with focusing of detonation
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Fig. T7.7. Diagrams of detonation wave generators

fronts at a point; ¢, d, e, g, h, r -— linear detonation front; f, 1 -- focus-
ing of detonation on the axis of the system; j, k —- generation of a planar deto-
nation front; m, n -~ generation of a curvilinear detonation front; p, q -- dif-
fraction of detonation fronts. Designs p, g9 and r are based o the diffrection

' properties of detonation waves occasioned by the physical rather than the geometric
opties of the system
Within the framework of physical optics of detonation, the Huygens-Fresnel prin-
ciple enables construction of the detonation wave front for some instant if the
wave front is known at a preceding time. Such a construction is based on the fact

that each point of the medium reached by the wave front is treated as a new source
of oscillalions.
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The regions of collisions of kinks -~ triple Mach configurations -- act as such new
sources of pulsations in a detonation wave. The sources of new pulsations in the
detonation front are responsible for the phase nature of propagation. After each
collision of kinks, a new pulsation arises with parameters that depend only on the
initial conditions. This can expiain the effect of detonation wave diffraction
that takes place for example when detonation waves flow around corners, or the
effect of refraction on interfaces [Ref. 41]. The pattern of phase propagation of
a datenation front is shown schematically in Fig.

7.8, where the numbers 1-8 denote positions of g b

pulsation fronts corresponding to times from t,
to tg. The heavy lines depict regions of maximum
energy release that renew pulsations in the wave.

Phase propagation of such a structure at velocity
D, as can be seen from Fig. 7.3b, ¢ [not included
wilh the translation]| forms patterns similar to
those observed in hydrodynamics during flow of
shallow water (motion in a field of gravity of an
incompressible liquid with a free surface and with
depth of a layer of this liquid that is small ccom-
pared with the characteristic dimensions of the
flow). It is known (see for example Ref. L2) that
wave processes on shallow water are described by
the Kortweg — de Vries equation

c<r<h

q’l+D\Px+b1pa‘xx +w.v=0 (7-17) 7234 8

(D is wave velocity, b=Dl2, 7 is the scale fac-

tor). Special cases of this equation for propa- Fig. T7.8. Diagram of phase

gation of small and finite perturbations in a propagation of a detonation

medium with a chemical reaction were considered wave. For tangential veloci-

in Ref. L43. ty of development of pulsa-
tion ¢<v<D (v=D -- spin

Long-wave perturbations for the case of acoustic detonation, n=1)

detonation in reacting media have been analyzed to

derive an equation that describes the structure of a finite perturbation propa-
gating in one direction in a reacting medium. The general system of equations of a
reacting gas presented in §1.7 is reduced in Ref. 43 to a single equation from
which the Kortweg- de Vries - Burgers equation is derived for waves on the surface
of a liquid with positive viscosity in limiting cases 'rch/T<l (Tch is the time of
the chemical reaction, T is the characteristic period of the initial disturbance).
In this connection, condition T,y ~1 corresponds to medium frequencies, while
Tch>1 corresponds to the high-frequency approximation. The analysis implies that
when a long-wave perturbation propagates through a medium with an exothermic reac-
tion, it increases in amplitude and decreases in duration, i. e. signal amplifica-
tion takes place.

The freyuency response of wave bursts in each of the possible detonation modes for
given initial conditions of the explosive medium can be derived by the energy
method and the formalism of elementary quantum mechanics [Ref. 42] in which the
state of the medium is described by a normalized function ¥(x,t) that satisfies an
equation of Schrddinger type as a special case of (7.17). Such a set of possible
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normal frequencies of the detonation process can be obtained in the following way
[Ref. 4k]. Energy releuse Q(T) is accounted for by the equation of the second law
of thermodynamics:

Tds = dT — (y— )Tdplp = (Uey)Q (T)dt. (7.18)
Here s=S/cVR is the dimensionless specific entfopy.

To simplify the problem, we will assume that Q is a linear function of T, i. e.
Q(T) = (8Q/3T)T, where 3Q/3T=const. Then from equation (7.18)

T =T, exp (wf), (7.19)

where o=ds/df = il Rl is the ignition induction period; T, = To (o/po)?~! is
flash point.
Tach wave burst in the detonation wave is described on the average by the trans-

ported mass m, momentum '§= ma and energy E in phase space ?, t. By analogy with
quantum mechanical formalism [Ref. 42] we write

h3 ¢
iho—&:—-ﬂv’il’;l-(T_—e;‘)—deS)‘i‘- (7.20)

- Hege hp is a constant that depends on the thermodynamic properties of the medium,
¥(r,t) is the wave function that characterizes the wave burst in the detonation
front.

To determine the constant hp, we use one of the solutions of equation (7.20) in
the form of a plane wave

P (r, 1) ~ exp[—{i/hp) (Et —pr)—iso ()], (7.21)
where sg is the initial phase of the wave.
The law of conservation of energy in such a wave is
E = mu¥2 + [T,/ (y — Dlexp ot. (71.22)
We determine constant hp by substituting (7.21) in equation (7.20). We get
E + hpds/dt = mu2 + [Ty — Dlexp (of) + T, (1.23)
From expressions (7.22) and (7.23) we get
dsyldt = TJhp = © or hp == T/ (1.2h)
In a physical sense, the initial phase of the wave sy coincides here with the idea
of specific entropy, and therefore when a new wave burst is formed by a discontinu~

ity, not only the phase changes, but the entropy as well.

Now let us verify whether equation (7.20) satisfies the principal laws of conser-
vation of mass and momentum. The expressions for these laws can be obtained from

20
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000400010041-1



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000400010041-1

FOR OFFICIAL USE ONLY

expression (7.20) by averaging. For instance the law of conservation of mass

PP
ot = ] (7.25)

if
is written as ‘% { 1pPdu = —div { jdu, where [$ 2 ~ plpg, and 3= ;_”Tn(q; Vi* —v* ) is

the probability flux density. Integration with respect to physical volume }.‘*, t
gives the averaged law of conservation of mass. The law of conservation of
momentum is written as

Ok 9 7
a . ox W (7.26)

Here the momentum probability flux density tensor is

-~ h3 . R
= —4%} (v v ¥+ Vg v 0) — (v Vi ¥+ 9* vi v O+ 84y (po/po) ¥ exp (0f)/(y—1).  (T.2T)

Analogously upon integration of (7.26) with the use of (7.21) we get an expression
for the law of conservation of momentum.

Let us analyze the structure of the detonation front on the basis of equation
(7.20). To do this, we consider the two-dimensional problem with longitudinal
transport of wave energy in the direction of the x-axis, and along the y-axis in
the transverse direction. We will look for periodic solutions with respect to y,
and derivatives with respect to x, t in the form

P =1 (x, £) exp (iky), (7.28)

where k= 2n/Ay is the wave number, Ay is the transverse scale of the pulsations in
the detonation front. From (7.20) we get

L eoiby—1\ | BAD 2o
lhDE—— 2m 0x? +[T°< =1 + 2m ¥ (7.29)

Let us look for self-similar solutions of (7.29) for steady-state motion by a
procedure analogous to that used in the theory of steady-state shock waves [Ref.

4s]:
P (x, ) =1 (x—Di).
s et v e s 3 19 .
Making the self-sinilar substitution n " Da Ye ee
Py, %mD® 0y gmD* [ emp(ity—1 BB T, (7.30)
a hp ot h3, y—1 2m .

To solve this equalion for eigenvalues, we use the conditions |Ppll=e =1, [

After the substitution
P (x, ) = @ (x, ) exp (—imD*/hp) (7.31)
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(7.30) is transformed to

" omD? \ [Tq(e® 4-9—1) 1 KAy
O — ——mD? -
tt (D( n )[ = > mD?+4 e 0.

(7.32)

We solve this equation at @®;_g=1, ®io0 = 0. The solution can be represented as a
- cylindrical function of the imaginary argument Ky(z), and then

imD? x ] x\T
p(x,f)=¢e - - — (- = .
b6 1) XP[ e ( D)]CKv{aexp[ > (t D)]}, (7.33)
2D (2m T4 \V/2 . . . Pis
vhere g = ohp (—?:) , and C is found from the normalization condition
T
[ 1ppdv=1.

~o0

From the solution we get a dispersion relation for the pulsating process

D ([ 2mTa 4o 0 D\
@ (o( o TF "‘hs,,) : (7.34)

IS}

y ' t-xD

Fig. 7.9. Model of wave burst of the detonation process

Fig. 7.9 shows the resultant model of the wave burst in the form of the function [V}
in coordinates y vs. t-x/D at a fixed value of Q. Estimation of the time scale
of the pulsation with respect to x in the detonation wave gives
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Atul 8mDz 1-1/2
—1In [(_—_Y—‘I)Ta] ) (7.35)

Using expression (7.33) for the wave function ¢ and taking the representation of
.energy in accordance with formula (7.22) in operator form, we get after averaging

- QITa
E=po Tyt po D* [1— MD“‘]. (7.36)

This implies for example that for 2> & -1 the Mach number of the detonation wave is

Q  &—11]2 1 .
M=l e (.31

where €== Q-lI/RszM; Q=E.’Po-

If the spectrum of detonation frequencies is represented in accordance with (7.5)
as v=Qvp, where vg is the minimum frequency of pulsations in the near-limit region
of existence of the detonation, and the specific energy release of the chemical
reaction of ip;n%tion, the flash point and the average molar mass of the mixture are
taken as Q, T 0) and & respectively, then relation (7.37) qualitatively follows the
spectrum of the experimentally observed relation between the longitudinal mode and
the Mach number M. This can be seen for example from & comparison on Fig. T7.10

of the experimental discrete

detonation frequency Fig. T7.10. Comparison
spectrum (shown by the of experimental and
vertical lines and the theoretical discrete I
broken curve; the cross detonation spectra
shows the wvalue calcu- /
lated from the data of Ref. 1.8) with the results J
calculated by relation (7.37) (short lines and /
dot-and-dash curve) for a stoichiometric oxygen- 7 /
hydrogen mixture.

X

(=Y o
—t—

Although the comparison of theory and experiment 6 ;

on Fig. T7.10 shows only the qualitative corre- /,

spondence between the directions of changes in Iﬂ,{—ﬂf
£
/

parameters, nevertheless the theoretical concept
that has been developed can serve as an illustra-
tion of the phase process of detonation wave 1
propagation based on the "physical optics” of ;
detonation waves. A condition of applicability : h
of such consideration, of course , must be the
fact that the frequency of the process v=Qvg !
must be less than the natural frequency of vi-
brations of the molecules.

The fundamental harmonics of detonation pulsa- 1 0! 102 o
tions were also found in Ref. 46 by examining

)
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periodic instability as a theoretical basis of the internal property of detonation
-- pulsation wave structure.

A detailed mechanism of phase propagation of detonation is proposed in Ref. 47. It
is based on equality of the average tangential velocities of collision D, and re-
flection D3 of triple points A treated as ignition points (ignition lines) in the
relaxation layer (film).

Actually, conditions of stable existence of detonation should be
‘ Dy/Dg = 1, (7-38)
My =Dyey = 1, (7.39)

where the latter condition means that the tangential velocity of point A is close
to the speed of sound in the initial shock-compressed gas in state 1.

Suppose that shock waves collide, and Chapman-Jouguet waves are reflected. When
condition (7.38) is satisfied, the conservation equations yield

M} = Yit! 293 (83— 1) 471 (4—11)—3 . s
29 {[¥s (1= 1)+ 291 (1 —2)1* — 41 (1—3) [2¥s ('Yl'—la) +
Yi—
. QRN i e i (7.10)

In Ref. 38, 47, the motion of ignition point A during detonation is treated in a
coordinate system fixed to this point as supersonic flight of a pointed wedge in a
gas mixture with an exothermal reaction in the wedge. Let us represent the flow
in the near vicinity of the point A as shown in Fig. 7.1l. Since the collisions of
ignition points (lines) are symmetric relative to
the directed average velocity D, the absolutely
rigid wall x-x can be taken as the axis of sym-
metry of the process. We will take AB as the

- incident wave front of oblique Mach reflection,
AN as the Mach disk of this reflection, the dot-
and-dash line indicating the direction of "flight"
of ignition point A with dispersal of the products
of isothermic reaction to both sides of this line
at angles ¢~ ¢y, and AK indicating the limit of
dispersal in the form of a compression shock that

AR

ANN

changes into a Mach wave. In order for an oblique jV ﬁ
Mach reflection to form again after collision with ) K
x-X, the condition // 7
: X
Yo+l p Po
Y arecig ‘/[ 29 Ei(l——-ﬁf)' (7.41) Fig. 7.11. Diagram of flow in
_ the vicinity of an ignition
must be satisfied. point in the detailed struc-
ture of a detonation wave
Taking the equal sign, and assuming that the tran-
sition 0-2 is strong enough that pg/pp» (v -1)/(ya+1), we get from (7.L41)
p=arcete V m—DnF 1. (7.52)
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For angles ¢; and ¢, we have
HRp=ata="—pt a0,
where

% == arclg (D/D,;) = arctg (Myco/Mycy);

coler = (v + 1) (ro — 1)/2p, (41 — 1) [2 + (yo — DMII)122,

From (7.44 and (7.45) with consideration of (7.43) we get

m m

@ =arclg {( yit1 + Pz)/[l _ pADp ]}'

where
) m= My{2 (s — 1) [1 - 2/M? (p, — D)I}172;
- Ba = [(y2— 1)/ (y, + D2,

For the pressure in region 2 we have [Ref. 48]

po Di sin? o,

- 2
Pa et 1

which with consideration of the fact that Dg=D/sink {see Fig. 7.11) becomes

g y, L (B= 1)0/200 ( __2 )

I4-(ya—1)q/2 Palpa

Here, in accordance with Ref. .48,

_ 2y, M} sin’¢

P2 .
Po ng+ 1 sinx

(7.143)

,\,\
—~ =3
= =

(7.46)

(7.47)

(7.148)

(7.49)

In the given calculations, py/pg and p/py are related to M; by the respective

formulas

B poMi4] + I’( YoM} 41 )’ 290 M3 (30 — o)
Po Y11 Y11 (Y1) (vo—1)
" o Mi—(y 1) /2,
' N+ ] ’
= . htl! oM} Y\ vo—1 4y
Pi/Po {1 1 h—! [( Yo-1 ) Yo+ 1 ]}[ v —1 +
_}_,2\’0M? J‘l
- Yo -1
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There are analogous formulas for p2/py and py/pg.

From (7.40), (7.4), (7.45) for a stoichiometric hydrogen-oxygen mixture at
Yo =.7/5, Y1 =8/6, v, =9/T we get calculated values of k =55-56° close to the ex-
Perimental results at Mach numbers M, = 5-6 typical of pulsating detonation.

n T~ i 7 Q :
. : / ,
47—09’73:44‘}13—‘]' i Y -10f ;
Qﬁ\klg\ =77 !
¥ i
05 = i
oW NG, ‘
N N\g 7 |
! ) ; N 7 .703
5 7 \ '
a 033 .t_\a ; . \ |
Z
7
g2} 2h* 0, Z L102
s AP =] ||
a1 S 10"
[2=9/7 . %: Ly l '
\1}\%\ I, ~ !
- I
— HEES
0 / li L
2 3 4 5 6 78 9M )

Fig. 7.12. Graphic solution of equations (7.48), (7.49) for Q;=3.77 and QQ=13.1+)4
MJ/kg, and comparison with the 1limits of the experimental spectrum of detonation
frequencies

The Mach number M; of the detonation wave in this same mixture can be conveniently

determined from the graphic solution of equations (7.48) and (7.49) on Fig. T.12,

which also shows for comparison the experimental spectrum of detonation frequencies

in coordinates M;, 2=v/vg. For pulsating detonation the region of this spectrum

on the graph is bounded by the shaded dot-and-dash line. Solutions L; and Lo of

equations (7.48) and (7.49) for Q;=3.77 and Qp=13.4k MJ/kg respectively show )
little qifference from the indicated region of the experimental spectrum of deto- .
nation frequencies. Here Q) is the energy release for near-limit pulsating deto- i
nation with fundamental mode 2=1, Qg is the maximum theoretically possible energy
release accompanying a chemical reaction in a detonation wave. The point L3y
corresponds to detonation of a mixture of 2Hy +0p under normal initial conditions
With natural frequency characterized by the mode =30 and v=1.5 MHz.

In the ran of rarefaction waves that is formed in region 2 as the reaction products
_ Gisperse from ignition point A, the incoming flux may be deflected to the point ,
where compression takes place in region 1 (see Fig. T.11), and self-: sulation is i
effected by this kind of "feedback". It is by this that the detonation wave ‘
26
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"knows'" in what tangential geometry it is propagating: in channels of circular or
perhaps rectangular cross section, and at the same time does not "know" the geom-
etry of the space in the direction normal to its flow, for example whether the ends
of the channel are closed or open.

§7.3. Overdriven Detonation

Of interest in application to chemical lasers of detonation type is an examination
of conditions of overdriven detonation, since it is in just such modes that the
effect of direct stimulation of coherent emission has so far been realized [Ref.
4]. Corresponding to modes of overdriven detonation are states on the Hugoniot
adiabat lying above the Chapman-Jouguet point, e. g. on curve CG (see Fig. T7.2).
Such modes can be realized by preventing the formation of a rarefaction wave behind
the detonation wave front, e. g. by using a piston or some other method to compress
the reaction products [Ref. 10]. Overdriven detonation is realized for example by
a change in the channel geometry tangential to the wave in a narrow tube as deto-
nation passes to it from a wide tube, by setting up an electric discharge current
layer in the explosive mixture to act as an impermeable piston that pushes the
shock wave [Ref. L9]. :

Overdriven detonation can also be realized by "driving" the detonation wave out of
a high-pressure section into a section with a low-pressure explosive medium that
is separated from the high-pressure section by a breakable diaphragm.

Unless they are maintained, overdriven waves have a damped velocity, and in essence
should not be considered detonation waves, for which one of the major properties is
steady-state propagation under fixed initial conditions.

However, there is another feature of detonation that must be taken into account --
the periodic structure identified by the wake method [Ref. 15]. The presence of
such a structure in a reactive medium is evidence of energy release immediately in
the wave front, and in particular during overdriven detonation.

From the way that pulsation spacing Ax changes on wake prints for known initial
conditions pg, dgybes» one can judge whether overdriven detonation occurs, and can
select structures with a smooth front that are of interest for chemical lasers.
Fig. T7.13 shows diagrams of such wake prints for some methods of exciting over-
driven detonation, and graphs of the change in pulsation spacing Ax as the detona-
tion waves from overdriving are reaching the steady Chapman-Jouguet state on length
Lo from the cross section in the detonation channel that corresponds to over-
driving at point C of the Hugoniot adiabat until the steady state of detonation is
reached, corresponding to point G (see Fig. 7.2). The overdriven detonation mode
with velocity Dg was realized both by stimulated excitation (broken curves on Fig.
7.13) and by the natural onset of detonation from the unsteady combination of an
accelerated flame G preceded by a shock wave S (solid curves) propagating at
velocity Dy.

We can see from these diagrams that chemical detonation lasers can utilize pro-
cesses shown in diagrams I, IIT and V on sections corresponding to overdrive com-
pressions beyond the limit values, i. e. downstream from cross section C to points
where high-frequency detonation pulsations arise. Use can also be made of the
overdriven processes with smooth fronts found in Ref. 52.
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Fig. T7.13. Diagrams of weke prints
and graphs of the change in pulsation
scale Ax on the length of transition
of overdriven detonations to the
steady state, Log: I--spin detonation
wave transition of a pulsating deto-
nation artificially produced under
overdriving conditions in a tube with
a wire helix [Ref. 2k, 50]; II--pul-
sating detonation transition of an
induced spin detonation produced in a
tube with a helix at fixed initial
parameters of the mixture (an analo-
gous result was obtained in Ref. 36
by changing the initial density of the
mixture); III--strong initiation by an
electric discharge [Ref. 51]; IV--
onset of detonation from unsteady G-S
complex; V--strong initiation by an
electrodetonator or a suspension of
lead azide; VI--collision of spin
detonation with unsteady G-S com-
plexes; VII--collision of pulsating
detonation with unsteady G-S com-
plexes

Mi.xture iExperiment P, kPa |dihe, mm | Log, mm
CH,4/20, X 40 20 90
2H,/0, A 13,3 16 400

G- 17,3 18 50
O 26,6 18 800
A 40 20 30
® 53,3 20 40
-k 66,6 20 50
W] 3 16 30
v 40 16 8
Al
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The process by which detonation arises under cenditions of overdriving is identical
to the process of stimulated emission in lasers and masers, and is characterized by
shock wave amplification and coherent energy release (for exemple, IV on Fig. T.13)
-~ called the "swaser" effect in Ref. 53.

§7.4. Mechanisms of Population Inversion in Chemical Detonation Lasers

Pumping the active substance by the energy of the chemical bond. To increase the
coefficient of utilization of pumping energy, it is suggested in Ref. 4 that ex-
Plosion energy be converted directly by dissociation, including by photolysis,
impact dissociation or some other chemical reaction through the process of pre-
mixing the working substance of the laser with the initial explosive. Such a
method of producing a medium with negative absorption factor is based on the fact
that any explosive in the initial state can be treated as a medium with population
inversion for which the state of the combustion products is a stable state. In-
version upon detonation of an explosive can be realized by a variety of reactions
in the detonating explosive medium. Let us consider some of these reactions.

a. Two-component mizture: explosive +working (emitting) substance.

For this case, energy conversion is realized as follows. The explosive XY disso-
ciates:

SE ) (XY, +AE;+hv), (7.52)

where the XYj are products of dissociation of the initial substance; AEJ is the
kinetic energy of the reaction products; hvj is the energy of a quantum emitted
upon dissociation of the intial substance XY into components XYj; m is the number
of terminal products.

Upon explosion, the energy of the products of dissociation is expended on decompo-
sition and emission of the introduced working substance AB:

AB - AE;— AB*, (7.53)
AB + hv; > AB*, (7.54)
AB¥ in turn may emit a quantum as a result of reactions
AB* > A + B* > A + (B + hv); (7.55)
AB* > A + B -+ hv -+ AE. (7.56)

Reaction (7.55) corresponds to emission of a product of dissociation (B¥) of the
excited AB* molecule, and reaction (&.56) corresponds to conversion of the working
substance from the excited to the dispersed state.

Instead of the diatomic working molecule AB, the working substance may contain a

monatomi.c substance A that in the excited state forms a metastable molecule with a
dispersed lower state. The reaction scheme for this case is as follows:

A+AES px, (7.57)
A+h‘\’j
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A+ A* > A3 . -
A+ A+ A+ AE + hv, (7{j

v

8)
9)

From an energy standpoint it is more advantageous to use substances with low dis-
sociation potentials such as metal salts in reactions (7.35)-(7.56). On the other
hand, reactions (7.57), (7.58) can utilize noble gases or metals such as Zn, Cd and
Hg that are capable of forming dispersed molecules as the substance A.

b. Pure explosive. The most interesting method of energy conversion is that in
which the initial substance XV, one of the fission fragments XY; and intermediate
dissociation fragment XYJ are excited or deactivated according %o reactions (7.53)-

(7.56) or {7.57)-(7.59).

Let us examine each reaction individually. The initial substance XY dissociates
i into

XY 3 (K%, + A5 ~(7.60)

Upon collision of the initial substance with fission fragment XYj, a molecule XY of
this substance is excited:

XY+AE;—>XY* (7.61)

and emits a quantum of light with transition of the molecule to the dispersed state:
XY* > XY! 4 XY? + hv + AE, 4+ AE,. (7.62)

As the dispersing fragments interact with each other, they are converted to the
terminal products of the dissociation reaction of the initial substance XY, i. e.

XY+ xw—»é}l (XY;+AE). (7.63)

The dissociation reaction products XYJ in turn enter into reaction with the initial
substance XY, and the chain reaction continues until the initial reserves of sub-
stance XY are completely exhausted, the greater part of the energy stored in the
substance being converted to emission energy in reaction (7.61). The terminal
products of such a reaction have a low temperature since the kinetic energy of the
reaction products XYj ie converted to luminous radiation in reaction (7.61).

Another mechanism of trensformation of the energy of the chemical bond to luminous
radiation is dissociation of the initial explosive XY in accordance with scheme
(7.60). One of the fission fragments, for example XYj that has sufficiently low
dissociation energy emits a photon by reaction scheme (7.53)-(7.56), i. e.

XY; + AE;— XY - X, + Yi; (7.64)
Y[.—"Y“I‘h‘\’l; (7-65)
“ X, + Yo XY, (7.66)

Thus the kinetic energy of fission fragments is transformed to luminous emission,
and the final chemical makeup of the mixture remains unaltered.
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Also of some interest may be the following reaction mechanism that leads to con-
version of the energy of the chemical bond to luminous radiation, and that is: the
initial cxplosive is divided into several intermediate fission fragments (taken as
two in our case for the sake of simplicity):

XY - XY 4 XY@, ‘ (7.67)

The fragments dissociate further into the terminal products of the decomposition

reaction .
Xym :
—»l:f_‘ll (XY; 4 AEy); (7.68)
XY@ <
—>,=%‘.I(XY,+AE,) (7.69)

The unstable intermediate dissociation products (complexes) may emit a light
- quantum with the following reaction schemes in the medium:

one ot the complexes XY(j) is formed in the electron-excited state, and its deacti-
vation takes place upon radiative transition of the complex to the dispersed state:

k
XYD* N (XY, +AE)) +hv (7.70)

or as a result of spontaneous emission with transition to the ground state
XYD* 5 XYD + hy (7.71)
with subsequent dimsociation in accord with reaction scheme (7.68), (7.69);

the intermediate complex is formed during collisions with the terminal reaction

product
B XYW 4+ AE, — XYW® (7.72)
and emits a quantum upon transition to the dispersed state
k
XY(“.—>1>:‘ (XY}"'AEJ)'!"W (7_73)
or with transition to the ground state
XY0®" > XY + hy (7.74)
with further dissociation
&
XY > 3 (XY, +AE)). (7.75)

/=1
These cases do not cover all possible reactions that convert the energy of the
chemical bond to rndiation. The given reactions are typical in that they are non-
cquilibrium, and that population inversion with stimulation of coherent radiastion
msy take place in the medium in which they occur.
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Feasibility of lasing on the CO molecule behind an overdriven detonation front
[Ref. 54]. The detonation process, as we pointed out in §7.1, is characterized by
conntant average panrameters that are hiph inside the 1imits of detonation propa-
cution.  'This makes it difficult Lo vary temperature or density of the reaction
products for examplc when using mixtures in which the ratios of components are
outside the concentration limits of detonation. So far no methods have been found
for chemical laser utilization of the high-frequency processes in detonation wave
structure described in §7.1. Accounting for them is quite complicated, and so far
it can only be assumed that the nonlinearity of the detonation structure, the local
inhomogeneities of temperature and density fields, and alternation of zones of
unreacted mixture and combustion products must reduce the maximum possible gain

of emission. These constraints can be removed by using a mode of overdriven deto-
nation from plane shock wave S and trailing combustion zone G. In this case, the
induction time of chemical reactions may be more than five times as long as the
period for reaching the thermodynamically equilibrium state of the gas behind the
shock wave. It was shown by calculation in Ref. 54 that under such conditions it
is possible to make CO chemical detonation lasers based on a CSj; +0; mixture.

First the parameters behind the shock wave front are calculated without consider-
ation of chemical transformations. The Runge-Kutta method is used with a com-
puter to calculate the concentrations of all components from the equations of
chemical kinetics. Each vibrational level of the CO(v) molecule from zero-energy
to the seventeenth was taken as an individual component. The thermodynamic quanti-
ties p, p, T and wave velocity were taken as constant at energy release Q less than
some predetermined value Aq. After calculating the new values of the thermodynamic
quantities and velocity corresponding to the calculated concentrations, the rate
constants of the chemical reactions were found at the new temperature values. The
method of iterations was used to account for the temperature dependence of specific
heats.

The principal reactions among more than 40 elementary reactions known from data in
the literature for the given mixture were selected from consideration of their role
in the first 75 us from the instant when the shock wave acts on the mixture. Reac-
tions were not considered if their elimination during this period caused no more
than 0.1% deviations in the concentrations of components. The given time interval
completely covers the time of existence of inversion under the conditions assumed
for the given problem with respect to: a) composition of the mixture CSp/0p/Ar =
1/2.5/40, 1/1/30, 2.5/1/10; b) temperature range T=1400-3400 K; c) pressure

p~0.1 MPa; d) chemical kinetics in the given initial time interval of T5 us de-
termined by 16 selected principal equations of reactions with the following rate
constants of these reactions (k, cm3.mole~!-s-1; E, kJ-mole™!; R, kJemole~l-k-1):

1. CS; - CS,2CS+S - CS;,  ky=0,166-10t° x
xexp(—183/RT); [55]

2. CS,+Ar2CS+S+-Ar, ky =0,364.101° x
X exp(—336/RT); [55]
3. CS,4- 0= €S- SO, ky=10,12.10% %

X €xp(—4,4/RT); [56] |
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4. CS;4- 02 0CS+5, ky=0,1.10' x '
xexp (—33,6/RT); [58]
5. CSy+ S CS+S, k,=0,1.101 x
o ® " Xexp (—16,7/RT); (58]
6. 0,4+ S0 50,+0, kg =0,35.10% x
: L ’ x exp (—27,2/RT); [57)
7. 0,+52S0+0, by = 0,110 x :
o " Xexp (—23,4/RT); [57)
8. 0+0CS=CO+S0, By =0,19.104 x
: X exp(— 18,9/RT); [58]
9. 045, 2S0+S, by = 0,4-10% nipw T =1 &i -
552504 ’ 21100 K; 157) (7.76)
10. 04 0CSCO, +S, fyy = 0,16-101° npyt T'=
' 2t " = 1270K; [58]
11. CS+0,720CS 40, hyy=0,1.104 x
: | " Xexp (—50,3/RT); (58]
12, ${-0CS2CO Sy, kyp =0,19-104 X
exp(—18,9/RT); [58]
13. SO--S02 SO, + 8, kg = 0,45 101 x
xexp (— 15,9/RT); [57]
14. OCS-FAr2CO+S+Ar, hy, = 0,398.10% T— 1.7 x
xexp (— 299/RT); [55]
15, Os+CSZCO* (1) +-5O,  kyg =0,55-101 X ~
- T exp (—8,36/RT); (58]
16. 0 4CS2 CO* (0)+S, fao = 0,24 101 X
T K exp (—8,36/RT). [58]

Equations (1)-(16) characterize a complex chain reaction for which curves are shown
on Fig. 7.1l obtained in Ref. 54 for the way that the concentration of reagents cy
and temperature T depend on the time t of motion of the gas volume relative to the
leading shock front of overdriven detonation. The calculations were done for a
mixture of CS,/0,/Ar=1/2.5/40 at an initial gas pressure of 2 kPa and shock wave
velocity of 1500 m/s. It can be seen that the tempersture in the reaction zone
changes insignificantly. The broken curves show the change in concentrations of
0y, CS,, CS and CO; in calculating these concentrations, the rate constants for dis-
sociation of CSy; (k;, ky) were assumed to be zero beginning at 6 us. After this
instant the reaction may be maintained by chain branching processes, but chain
initiation processes considerably accelerate combustion. With weaker dilutions, or
in the undiluted working mixture the temperature may rise during reactions. For
example Fig. T.15 shows the calculation of the chemical kinetics of reaction in

a mixture of CSy/0 =1/9 at initial pressure of the mixture of 2 kPa and shock wave
velocity of 1700 m/s. Here the temperature changes from 1510 to 2800 K during the
course of the reaction.

Reactions (15) and (16) determine the populations of vibrational levels of CO mole-
cules [Ref. 59] in the same way as processes of V-V exchange with molecules of

co(v), 0y, 0C3, CS; and V-T exchange with molecules of CO, O, Ar. Molecules of
02, 0C3(v3) and CS,(v3) may meke a transition from the ground state to the first
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Fig. T.14. Calculation of the change in concentration of reagents ci and tempera-
ture T as a function of the time t in the overdriven detonation wave

excited vibrational level upon collisions with CO(v). This calculation did not
consider transfer of excitation from Op, OCS(001) and CS(001) to CO.

Numerical computer solution of the system of equations for chemical, relaxation and
gasdynamic processes gave the time dependences of the population of vibrational
levels of CO molecules behind the leading shock front of the overdriven detonation
wave. The results of calculation of this dependence for complete inversion of the
" vibrational levels of CO are shown on Fig. T7.16. The rate constants of relaxation
as a function of vibrational number v were calculated by using formulas from Ref.
60, and the emission gain in the center of the line for individual V-R transitions
of %P- and JA-branches was calculated at times corresponding to the maximum complete
inversion between each pair of vibrational levels. Maxwell-Boltzmann population of
rotational levels was assumed at a temperature equal to the translational tempera-
- ture, the half-width of the line was taken as corresponding to impact broadening,
and the linewidth was assumed to be independent of quantum numbers or the kind of
molecules responsible for broadening. The resultant maximum values of gain apgx
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Fig. 7.15. BResults of calculation of the
chemical kinetics of a reaction behind the
leading shock front of an overdriven detonation

on a given vibrational level v for a mixture of CS,/0,=1/9 at T=2495 K are shown
in Table T7.1. This same table gives the populations of vibrational levels ny,

ny/n and the correspondi tational t ber J and ber o]
v/ny-1> ponding rotational quantum number J and wave number wply, 4

of the transition on which opay is reached for the %- and A-branches.

Analysis of the calculated data shows that during the first 1.5 ps the first inver-
sion wave passes through all vibrational levels from 1 to 13. As we can see from
Table 7.1, this wave is characterized by low populations of vibrational levels of
the CO molecules and low gains (10'7—10"5 cm‘l). The second inversion wave is due
to the intense process of chemical reactions, and under the given conditions propa-
gates to only three vibrational levels (7, 8, 9). This wave is characterized by
high values of the maximum gain (10083-10-2 cm!) and long durations of inversion.
The calculated maximum gains apgy, the duration of inversion t;, the dimensions of
the inversion zone Axj that correspond to this duration, velocities D, temperature
in the inversion zone and the transition vibrational and rotational quantum numbers
corresponding to apgy are given in Table 7.2 for pg = 2 kPa.
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The I'o]_.lowing conclusions are drawn in Ref. 5k from the results of such a numerical
&HaJ_-YS:LS of the possibilities for achieving stimulated emission on the CO molecule
behind an overdriven detonation wave front in a mixture of CSy + 0y:

A.che.nge in pressure causes an inversely proportional change in all characteristic
times of chemical and relaxation processes, including T4

"chu maximum gain does not change as long as the impact approximation remains valid
in calculation of the linewidth;

the %nversion duration increases as the composition approaches stoichiometric pro-
portions; increasing the temperature from 1800 to 2495 K for the same composition
(modes 2 ang L) reduces both gain and inversion duration;

calculations done for an idealized one-dimensional model yield relatively high
values of the gain.

Processes of population inversion in the case of adiabatic cooling of the deto-
i nation products. The chemical energy of detonation of the initial fuel mixture
may also serve simply as a source of thermal energy for heating the mixture of
products that are formed with added gases before they are cooled in the process of
Subsequent adiabatic expansion. Detonation lasers that utilize such processes are
quite similar to shock-wave and chemical-gasdynamic lasers (described in chapter 6)
and to gasdynamic shock-tube lasers [Ref. 61]. However, what distinguishes them is
that in detonation lasers thermal pumping is realized in conditions of more intense
heat release in the detonation wave than that accompanying ordinary combustion, and
the components required for forming the active medium, as well as the proportions
of concentrations of these components necessary for stimulated emission are pro-
duced immediately during the chemical reaction in the detonation wave. Otherwise,
the process of population inversion in such lasers is analogous to the method of
obtaining negative temperatures by cooling the medium that was first outlined in
Ref. 62, and then in Ref. 63 and 64. In accordance with this method, a three-level
System is considercd that has different relaxation times between subsystems -- the
: levels 1, 2, 3 situated in sequence one above the other. If the relaxation time
between subsystems is considerably greater than the relaxation time within each
Subsystem, and if radiative transitions between them are possible, then with a
sufficiently rapid change in thermodynamic state, equilibrium will be established
fairly rapidly within each subsystem, but there will be no equilibrium between them.
Then a state is possible with negative temperature with respect to transitions from
the energy levels of one subsystem to those of another.

Based on such a method of getting inverse population by an abrupt change in tem—
perature of the medium, it was demonstrated in Ref. 65 that a state of inverse
population can exist for some time with respect to vibrational levels in the case
of adiabatic expansion of mixtures containing molecules that have appreciably dif-
ferenl vibrationnl relaxation times and that are capable of exchanging energy of
vibrational excitation. This kind of exchange is effective if the energies of the
vibrational levels are close to one another, or the energy deficit is

|AE| & AT. (1.77)

Mixtures of N,/COp and Np/NO, were considered in Ref. 65 as media that satisfy
the resonant condition (7-77) of exchange of vibrational excitation. In these
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mixtbures Lhe process Lakes place wilbout chemical transformations, and hence is
characleristic only for purely gasdynamic lasers. However, in chemical detonation
lasers with adiabatic expansion the mixtures N,/CO, and Ny/NO, may be either added
gases, or may be part of the components formed during reaction of detonation pro-
ducts, and therefore it is of interest here to outline the analysis of Ref. 65.

The probability of energy transfer in the mixture of Ny/CO, during a single col-
lission of a molecule at room temperature is 8~ 10~3 [Ref. 66]. The exchange pro-
cess is considered in the assumption of a surplus concentration of molecules that
are carriers of vibrational excitation as compared with the concentration of work-
ing molecules with levels that involve inversion, nN§>>nco,, i. e. concentration
nyx is taken as constant in time. On the other hand the time change of the number

A
b N CC0
vs{ e £ 3 (00
\\/3_/ /332} ’/323
Ba | A
d o [ 1
v={ /

Fig. 7.17. Time change in number of CO; molecules on three vibrational levels

of molecules of the working gas CO, on three vibrational levels (Fig. T7.17) of
which level 0001 may exchange moflecules of N¥ with level v=1, can be written as

dny/dt = — P y'nly+ Py ty—Pys g+ Prg n—Pag g + Pog 1y (7.78)
dng/dt = Pgy ng -+ Pyy ny—~-Pygny — Py 11z

Here nj +np +nz=n is the concentration of working molecules; Py,, P,y are respec-
tively the probabilities of forward and reverse transfer of excitation between the
working molecule CQ, and the carrier molecule N¥; P3;, Py3, P32 and so on are the
probabilities of thermal relaxation of a working molecule between the corresponding
vibrational levels.

Let the rate of adiabatic expansion of the gas mixture be such that its cooling
time from initiul tempcrature 1) to final temperature Tp is much less than the
inherent vibrational relaxation time of the carrier gas. After completion of ex-
pansion of the gas mixture, steady-state distribution of the working molecules is
established with respect to vibrational levels. Hence by setting the right-hand
members of equations (7.78) equal to zero and denoting the probabilities of relaxa-
Lions during one collision by Bsj, B32, B3y, we can determine the population in-
version between levels 3 and 2:

ng—~ny __ B (Ba1—Bsa) Ey— Eq )

m P (Bt PoatBe) e,x"('" W (7.79)

In the derivation of (7.79), thermal perturbation of the molecule was disregarded,
i. e. no consideration was taken of probabilities Pj3, Pp3, P12, but account was
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taken of deactivating collisions and condition (7.77) for temperature Tp. Expres-
sion {7.79) implies that there is no inversion when B3,> By;, and inversion is
maximum when B;1>»B3p and under the condition where the probability of transfer of
vibrational excitation B is much greater than the probability of deactivation of
level 3 of the working molecule. In this case inversion is equal to the relative
concentration of excited molecules of the carrier gas with initial temperature Tj.

Ref. 65 gives a specific computational example of population inversion by using a
supersonic nozzle with continuous mode of adiabatic expansion of the working mix-
ture. For example under conditions of inverse population between levels (0001) and

- (10%) ’of the CO; molecule at T;=1000 and T, =300 K, it is found that (ng-ny)/n;~
~1-3.5%.

Following Ref. 62-65, a number of papers were published dealing with the process of
rapid expansion of a preheated mixture of molecular gases as they are discharged
through nozzles or slits, thus bringing about conditions of inverse population of
vibrational states of molecules [Ref. 67-Th].

Such an effect can also be produced in a strongly exothermic reaction during deto-
nation with free dispersal of the reaction products [Ref. 6] without using gas-
dynamic devices like nozzles and slits.

As was already pointed out above, in this case the composition of the detonation
products should correspond to a relaxation scheme analogous to that used in gas-
dynamic lasers of the type described in Ref. 67, 75 and 76. Many gaseous and con-
densed explosive media have such a composition of detonation products [Ref. T7, T8].
The rate of dispersal of detonation products heated to 2000-5000 K depending on

the type of explosive is comparable to or greater than the flow velocity in gas-
dynamic lasers -- 105-106 em/s. The process for an acetylene-air mixture is
described by the exothermic chemical reaction [Ref. 79]

0.081CyHy +0.202(0y + 3.76Ny ) =0.162C0, + 0.081H,0 + 0.757N; +108.9 kJ/mole.
(7.80)

This process is analyzed in Ref. 6. Thus it is known from Ref. T9 that at a

- pressure of more than 0.05 MPa in an initial mixture with volumetric concentration
of 8-1L4% CyH, detonation is excited from a spark in tubes of diameter 4218 mm.
The detonation rate in this case is 1.8:103 m/s. TFor the conditions of reaction
(7.80) the temperature of the reaction products is 2000-2400 K. It is assumed that
the walls of the detonation tube are rapidly destroyed by pressure in the detonation
wave. This destruction is accompanied by adiabatic expansion and cooling of the
reaction products, the calculated rate of expansion being about 0.9-10° cm/s.
Dispersal into vacuum will change the parameters of state of the reaction products
with lormation of population inversion of states 2 (00%1) and I (10%0) of the CO,
molecule.

Tn this case, relaxation of the excited C0p molecules corresponds to the kinetic
equation

e Pye—c N¥tobza—[ralta (O (7.81)
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Fig. 7.18. Time dependences of gas temperature and molecule concentration in the
case of cylindrical dispersal of the detonation products of an acetylene-air mix-
ture: T--temperature of detonation products; n--concentration of CO; molecules;
ny/n, ny/n and N¥/N--relative populations of excited states of molecules of COz
and nitrogen respectively
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where a=1.2; 85, is the Kronecker delta; N¥, ng, ng are the concentration of
excited molecules of Ny, COp in the ground and o-states; Pys_g is the probability
of transfer of excitation from Np to COp; To(t) is the time of collisional re-
laxation.

The time dependence of gas temperature and molecule concentration have been calcu-
lated for cylindrical dispersal geometry [Ref. 6] (Fig. 7.18).

With consideration of data on the temperature dependence of the probability of
collisional relaxation of CO, molecules [Ref. 80], the time t_(t) has also been
determined. The initial conditions here are selected from th& following consider-
ations. At a temperature below 1000 K the relaxation of excited molecules of CO;
depends on collisions with molecules of Hp0O and is most probable for the lower
level. Due to the relatively large concentration of water in the reaction products
the relaxation times are short and at pressures of the initial mixture higher than
0.1 MPa relaxation occurs faster than cooling of the gas. And at pressures of the
initial medium below 0.05 MPa, as already stated, the process of detonation exci-
tation is hampered in an acetylene-air mixture. Therefore the selected conditions
corresponded to the following: pressure 0.05-0.1 MPa, tube diameter d=2 cm.

Lntepration of kinetic equation (7.81) yields the time dependence of the population
of cxcited states. In this connection we can disregard the transfer of energy from
N, to CO, and approximate T4(t) by power functions. It is found that relaxation of
level I takes place more rapidly than depopulation of the level due to cooling of
the gas, i. e. its population is determined by the Boltzmann factor. On the other
hand, beginning with a certain instant the relaxation of level 2 takes place more
slowly, and the vibrational temperature is separated from the temperature of random
motion in the gas. It can be seen from the results of calculation on Fig. T.18
that separation of the vibrational temperature of level 2 ‘Lakes place at t =200 us,
and population inversion arises 650 us after the beginning of dispersal. The time
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dependence of the population density of the excited level of the nitrogen atom N¥

is determined mainly by relaxation upon collision with CO, molecules. Tt is pointed
out in Ref. G that nccounting lor Lhe cnergy transfer rom nilrogen Lo COz should
lead Lo an jncreasce in inversion and to a reduction in time before onset of in-
version, and moreover that inversion should occur at higher pressures in the

initial mixture. Increased inversion is also possible when an explosive medium is
used with a lower relative concentration of water in the products of explosion.

§‘7.5. Experimental Stimulation of Emission in Chemical Detonation Lasers

Lasing in an overdriven detonation wave. Realization of the possibility of lasing
in detonation just as in a thermal explusion is so far a complex problem. The
pertinent experimental results include the use of overdriven detonation for direct
stimulation of emission and normal Chapman-Jouguet detonation and explosion for
thermal. pumping of an active medium.

Induced emission was first obtained directly from a detonation wave in a mixture of
Fp0/Hy/Ar=1/1/20 [Ref. 5, 81]. Before this, emission of vibrationally excited HF
had been produced in the course of a chain reaction initiated by flash photolysis
[Rer. 82]:

F+Hy=HF 4+ H (— 134 kJ/mole);
OF -+ H, = HOF +H;
H+F,O=HF+OF;

H + HOF = HF 4- OH;
H+4+OF=FH+0 or OH+F. i

(7.82)

In carrying out reaction (7.82) in a detonation wave, the process was initiated at
a wave propagation rate exceeding the Chapman-Jouguet velocity, i. e. in the over-
driven detonation mode. Despite heavy dilution of the mixture with argon and rela-
tively low initial pressure (about 0.66 kPa) the wave velocity was 1.8-2 km/s with
temperature on the wave front above 2000 K. In the opinion of the authors of Ref.
5, 81, under these conditions the reaction zone is apparently quite narrow, and
therefore diffraction losses in the optical cavity are high, i. e. the working con-
ditions of such a chemical laser with respect to temperature and pressure are near
critical.

Tn Ref. 5, 81, a dctonation tube was used of the type shown in Fig. T7.19a, 16.7 cm
in diameter with a special nearly confocal resonator mounted flush with the walls
of the tube. The output of coherent emission from the cavity was recorded by an
InSb photoelectric detector using a narrow-band filter for spectral resolution.

A typical record of the emission is shown in Fig. 7.19b as a two-beam oscillogram.
Here the upper curve is the radiation of gas heated by the detonation wave as ob-
served through a CaF, window installed upstream relative to the resonator. The
lower curve is a recording of emission from the optical cavity by the InSb photo-
electric detector with aperture of 1.5 mm. Comparison of these curves shows that
the amplitude of the curve characterizing the coherent radiation is 105 times as
great. This is convincing proof of reliable observation of the effect of stimu-
lated coherent emission.
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Fig. 7.19. Diagram of, chemical detonation laser (a) and record of its output (b)

A brief report is given in Ref. 83 on theoretical analysis of processes in the

chemical detonation laser described above in the form of a numerical calculation

for the most realistic chemical model of the reaction. In this calculation some

- chemical reactions were ruled out, and the complexity of accounting for processes
in the resonator was eliminated by considering the process of nonequilibrium radia-
tion only for "zero" amplification, i. e. for the process characterized by the

- upper curve in Fig. T7.19. It is pointed out that the calculation utilized the
results of experiments with mixtures of F,0/Hy/Ar in corresponding concentration
limits from 1/1/10 to 1/1/200 with heating in the wave from 2200 to 3500 K. It is
found from the calculations that during the chemical reaction the concentrations of
HOF, Fo0 and OF decrease rapidly to an insignificant level, so that reactions
jinvolving these components can be disregarded. Thus there remains only the first
of reactions (7.83) that yields excited HF. Besides, it turned out that for the
given reaction deactivation is controlled by processes of V-V transfer of energy,
while V-T processes are unimportant.

Using detonation and explosion for production and thermal pumping of active laser
media. Selection of the initial composition of the mixture for detonation lasers
that work on the principle of adiabatic expansion of the detonation products through
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u nozzle Involves Lhe relaxabion :ncheme deseribed in §7.4. This results in a
variety of reagents that cun be used, and a number of design peculiarities of the
chemical detonation lasers that operate on these reagents.

We describe herewith the designs and.worklng principles of the most typical of
these lasers.

One of the first experimental lasers in which detonation was used to produce a
high-temperature gas mixture at the inlet to a slit nozzle was a detonation laser
based on the exothermic explosive reaction of dissociation of a hydrazoic acid
molecule in a mixture of carbon dioxide and xenon [Ref. T]. The mechanism of this
reaction is determined mainly by the following processes [Ref. 84]:

 HN3—NH + Ny (— 41,9 x7/mole);
NH 4+ HNy—H, + Ng+ N3 (+ 635 kJ/mole)

N3 wHNy > HNS+Ny; - (7.83)
N - M= Ny M- :
M 4 HN3 - HN + M*,

When carbon dioxide is used as the diluent M, the excited nitrogen transfers its
energy to the CO; molecule due to quasi-resonance between the vibrational levels of
nitrogen and the vibrational mode (0001) of carbon dioxide. The process of ob-
taining population inversion during such a chemical reaction was analyzed in

detail in Ref. 85, and was investigated in Ref. 86.

A diagram [Ref. 7] of the experimental hydrazoic acid detonation laser is shown

in Fig. T.20.
3
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Fig. T7.20. Detonation laser based on hydrazoic acid: 1--0.3-liter high-pressure
chamber; 2-~200 x0.% mm slit; 3--metal rod with cavity; 4--heat insulation; 5--
ballast tank with volume of 0.012 cu. m; 6--gold-coated mirrors 25 mm in diameter,
one of which has an output aperture 2.5 mm in diameter; 7--Brewster windows of NaCl;
8~-plane-parallel germanium plate; 9--calorimeter; 10--photocell; ll--oscilloscope
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The gaseous mixture is admitted to tank 5 and then frozen out on hollow metal rod 3
with cavity I filled with Iiquid nitropen. Detonation was initiated by an electric
spark.  The pressure and temperature in the high-pressure chamber after dispersal
of the detonation products were about 1-2 MPa and 2000-3000 K depending on the
amount and composition of the gas mixture. The time of discharge of the detonation
products and diluents throngh the slit was evaluated as the ratio of the volume of
the high-pressure chamber to the product of the slit area multiplied by the speed
of sound in the critical cross section, and was about a millisecond. The distance
from the slit to the axis of the cavity was adjusted in the experiment. The opti-
mum distance was about 3 cm. The duration of the stimulated pulse at the optimum
composition of the mixture was close to the time of discharge of the gas through

the slit.
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Fig. Fig. T7.2